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(57) ABSTRACT

A hole-assisted optical fiber includes a core portion and a
cladding portion that includes an inner cladding layer, an
outer cladding layer, and holes formed around the core por-
tion. A diameter of the core portion is 3 pm to 9.8 um, a
relative refractive index difference of the core portion relative
to the outer cladding layer is 0.11% to 0.45%, an outside
diameter of the inner cladding layer is 53 um or less, arelative
refractive index difference of the inner cladding layer relative
to the outer cladding layer is a negative value, -0.30% or
more, a diameter of each hole is 2.4 um to 4.0 um, a hole
occupancy rate is 17% to 48%, a bending loss at a wavelength
0f 1625 nm when bent at a radius of 5 mm is 1 dB/turn or less,
and a cut-off wavelength is 1550 nm or less.
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FIG.55E

Hole occupancy rate S % 38.0 | 38.0 | 380 [ 38.0 | 38.0 | 38.0
Distance L1 um 8.88 | 888 | 8.88 | 888 | 8.88 | 8.88
Hole diameter d Um 2.7 2.7 2.7 2.7 2.7 2.7
Core diameter 2a “m 6.2 6.4 6.6 6.8 7.0 7.4
Relative refractive index difference A1 % 030 | 0.30 [ 0.30 | 0.30 | 0.30 | 0.30
Inner cladding layer diameter 2b um 36 36 36 36 36 36
Relative refractive index difference A2 % -0.05 | -0.05 | -0.05 { -0.05 | -0.05 | -0.05
Chromatic dispersion psim/km 1310nm] 1.62 | 198 | 227 | 2.56 | 293 | 3.54
1550nm| 22.23 | 22.56 | 22.87 | 23.14 | 23.30 | 23.72
Zero-dispersion wavelength nm 1306 | 1302 | 1298 | 1295] 1292 | 1288
Zero-dispersion slope ps/nm?/km 0.105 | 0.105 | 0.106 | 0.106 ] 0.106 | 0.107
MED um 1310nm| 8.65 | 8.73 | 880 | 8.88 | 895 [ 9.01
1550nm| 9.21 | 9.30 | 9.38 | 946 | 9.51 | 9.46
Cut-off wavelength nm 1080 | 1105 | 1130 | 1156 | 1185 | 1240
Bending loss drurn [18250M1 94 | 01 | 01 | 01 | 01 | o
Hole occupancy rate S % 38.0 | 38.0 | 38.0 | 38.0 | 38.0 | 38.0
Distance L1 u4m 855 | 888 | 9.21 | 952 ]10.065| 8.22
Hole diameter d gm 2.6 2.7 2.8 2.9 3.06 | 2.50
Core diameter 2a um 7.0 7.0 7.0 7.0 7.0 6.6
Relative refractive index difference A1 % 0.30 | 0.30 | 0.30 | 0.30 | 0.30 | 0.30
Inner cladding layer diameter 2b 4m 36 36 36 36 38 36
Relative refractive index difference A2 % -0.05 | -0.05 | -0.05 | -0.05 | -0.05 | -0.05
Chromatic dispersion ps/nm/km 1310nm} 361 | 293 | 223 | 148 | 0.70 | 3.45
1550nm| 24.10 | 23.30 | 22.51 | 21.80 | 20.73 | 24.21
Zero-dispersion wavelength nm 1283 | 1292 | 1298 | 1305 | 1313 | 1284
Zero-dispersion slope psinm2/km 0.107 | 0.106 | 0.104 | 0.102 | 0.099 { 0.110
MED um 1310nm| 8.80 | 895 | 9.04 | 9.13 | 9.22 | 8.60
1550nm| 9.43 | 951 | 966 | 982 | 9.99 | 8.12
Cut-off wavelength nm 1148 | 1185 | 1215 | 1250 | 1280 | 1080
Bending loss dBrurn [1825nM] o4 f 01 | 04 | 04 | 00 | 0
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FIG.55F

Hole occupancy rate S % 38.0 | 38.0 | 38.0 | 38.0 | 38.0 | 380
Distance L1 um 8.88 | 9.54 | 10.52 | 11.5 ] 12.50 | 9.54
Hole diameter d am 2.7 2.9 3.2 3.5 3.8 2.9
Core diameter 2a um 6.6 6.6 6.6 8.6 6.6 6.4
Relative refractive index difference| A1 % 0.30 | 0.30-] 0.30 ] 0.30 | 0.30 | 0.30
Inner cladding layer diameter 2b um 36 36 36 36 36 36
Relative refractive index difference A2 % -0.05 | -0.05 | -0.05 | -0.05 | -0.05 | -0.05
Chromatic dispersion ps/nmikm 1310nm| 2.27 | 0.87 | -0.76 | -1.97 | -2.86 | 1.98
1550nm| 22.87 | 21.33 | 19.41 | 17.84 | 16.51 | 22.56
Zero-dispersion wavelength nm 1298 | 1311 | 1328 | 1341 | 1351 | 1314
Zero-dispersion slope ps/nmZ/km 0.106 | 0.102 | 0.097 | 0.093 | 0.089 | 0.102
1310nm| 8.80 | 8.96 | 9.13 | 924 | 9.31 | 8.84
MFD ugm
1550nm| 9.38 | 9.67 | 10.01 | 10.27 [ 10.47 | 9.54
Cut-off wavelength nm 1130 | 1180 | 1250 | 1315 | 1355 | 1141
Bending loss darurn |18250Mf 04 | 04 | 01 [ 00 | 00 | o
Hole occupancy rate S % 38.0 | 38.0 | 38.0 | 38.0
Distance L1 um 954 | 954 | 954 | 9.54
Hole diameter d gm 2.9 2.9 2.9 2.9
Core diameter 2a gum 6.6 6.8 7.0 7.3
Relative refractive index difference| A1 Y% 0.30 | 0.30 | 0.30 | 0.30
Inner cladding layer diameter 2b gm 36 36 36 36
Relative refractive index difference| A2 % -0.05 | -0.05 | -0.05 | -0.05
Chromatic dispersion ps/inm/km 12;8:: 2018373 2%11‘:; 11829(; 127:;13
Zero-dispersion wavelength nm 1311 | 1308 | 1305 | 1298
Zero-dispersion slope ps/inm3km 0.102 | 0.103 | 0.103 | 0.104
MFD um 1310nm| 8.96 | 9.04 | 9.13 | 9.25
1550nm| 9.67 | 9.75 | 9.86 | 9.99
Cut-off wavelength nm 1180 | 1215 | 1250 | 1282
Bending loss dBfturn 1rS§fn”nT 0.1 0.1 0.1 0.0
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FIG.55G

Hole occupancy rate S % 42.0 | 42.0 | 42.0 | 42.0 | 42.0 | 42.0 | 42.0
Distance L1 um | 863|863 | 863|863 ] 952]952( 952
Hole diameter d um 2.9 2.9 2.9 2.9 3.2 32 | 32
Core diameter 2a um 5.6 5.8 6.0 6.2 57 | 60 | 64
Relative refractive index difference A1 % 0.30 | 0.30 { 0.30 ] 0.30 ] 0.30 | 0.30 | 0.30
Inner cladding layer diameter 2b pym | 288 | 288|288 )]288|288])288]288
Relative refractive index difference A2 % -0.05 | -0.05 | -0.05 | -0.05 | -0.05 } -0.05 | -0.05
Chromatic dispersion ps/nmikm 1310nm| 1.73 | 206 | 2.39 | 2.82 | -0.38 ] 0.24 | 1.00
1550nm| - |22.90]23.35]23.84 |21.01}21.32]21.70
Zero-dispersion wavelength nm 1309 | 1306 | 1303 | 1300 | 1329 | 1323 | 1315
Zero-dispersion slope ps/inm2/km 0.110{0.109]0.109}0.10810.104 | 0.104 | 0.104
MED um 1310nm| 8.49 | 8.53 | 8.60 | 865 | 8.78 | 8.86 | 8.95
1550nm| 9.05 |{ 9.18 | 9.15 | 9.18 | 9.53 | 9.58 | 9.63
Cut-off wavelength nm 1200 { 1230 | 1260 | 1275 ] 1300 | 1350 | 1405
Bending loss dBitum (18250 0.4 1 04 | 01 [ 04 [ 01 | 00 | 00
Hale occupancy rate S % 42.0 | 42.0 | 42.0 | 42.0 | 42.0 | 42.0 | 42.0
Distance L1 gm | 952 ] 952 | 952833 ]9.52]9.52]10.77
Hole diameter d gm 32 | 32 | 32 | 28 | 32 | 3.2 | 362
Core diameter 2a ©m 6.4 6.8 6.8 5.7 7.0 7.0 7.0
Relative refractive index difference| A1 % 0.33 ] 0.30 | 0.33 | 0.30 ] 0.30 | 0.33 | 0.30
Inner cladding layer diameter 2b um | 288 ] 306|306 ]288]315]315]| 315
Relative refractive index difference A2 % -0.05 | -0.05 {-0.05 ] -0.05 | -0.05 | -0.05] -0.05
Chromatic dispersion ps/nmvkm 1310nm| 0.47 | 1.72 | 1.29 | 3.09 | 2.06 | 1.67 | 0.04
1550nm| 21.04 | 22.12 | 21.56 ] 23.84 | 22.35[21.82 | 19.92
Zero-dispersion wavelength nm 1320 | 1308 | 1312 | 1280 | 1305 | 1308 | 1325
Zero-dispersion slope ps/nm2/km 0.102]0.104 | 0.102 | 0.089 | 0.097 { 0.102 | 0.097
MED um 1310nm| 8.77 | 9.04 | 8.87 | 8.85 | 9.09 | 8.93 | 9.32
1550nm| 9.47 | 9.68 | 9.53 | 9.57 | 9.71 | 9.57 [ 10.15
Cut-off wavelength nm 1440 | 1455 | 1490 | 1360 | 1475 | 1510 | 1600
Bending loss dB/turn 12%?;? 00|00 | 00| 00]O0CO]O0O]| 00
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FIG.55H

Hole occupancy rate S % 42.0 | 42.0 | 420 | 42.0 | 42.0 | 42.0 | 42.0
Distance L1 um J10.77] 116 | 116 | 122 | 12.2 |12.79]12.79
Hole diameter d um | 362 39 | 39 [4.1] 41 43 | 4.3
Core diameter 2a um 7.0 7.0 7.0 7.0 7.0 7.0 7.0
Relative refractive index difference A1 % 0.33 ] 0.30 | 0.33 | 0.30 | 0.33 | 0.30 | 0.33
Inner cladding layer diameter 2b um | 315315315 [315]|315]315] 315
Relative refractive index difference A2 % -0.05 | -0.05 | -0.05 | -0.05 | -0.05 ] -0.05 [ -0.05
Chromatic dispersion ps/mm/km 1310nm| -0.24 | -0.91 | -1.11[-145]-1.58 ] -1.88 | -1.94
1550nm| 19.38 | 18.63 | 18.10 | 17.83 | 17.33] 17.14 [ 16.67
Zero-dispersion wavelength nm 1328 | 1335 | 1337 | 1341 | 1342 | 1346 | 1346
Zero-dispersion slope ps/nm3km 0.095]0.094 | 0.092 | 0.091 | 0.089 ] 0.089 | 0.087
MED um 1310nm| 9.11 | 9.38 | 9.18 | 9.42 | 9.19 | 948 | 9.24
1550nm} 9.95 |10.33[10.12|10.44 | 10.18 | 10.59] 10.30
Cut-off wavelength nm 1630 | 1670 | 1700 | 1700 | 1730 | 1720 | 1755
Bending loss dBfturn |1625nM) 00 | 0.0 [ 0.0 | 00 | 00 [ 00 | 00
Hole occupancy rate S % 42.0 | 42.0 | 420 | 42.0
Distance L1 um 8 8.63 | 9.52 |10.12
Hole diameter d um | 269} 29 | 32 | 34
Core diameter 2a @m 6.0 | 60 | 60 | 8.0
Relative refractive index difference A1 % 0.30 | 0.30 | 0.30 | 0.30
Inner cladding layer diameter 2b um | 288 {288 | 28.8 | 28.8
Relative refractive index difference A2 % -0.05 | -0.05 | -0.05 | -0.05
o . 1310nm| 4.12 | 2.39 | 0.24 | -1.87
Chromatic dispersion ps/nm/km 1550nml 25,10 | 23.35 | 21.32 | 19.34
Zero-dispersion wavelength nm 1283 | 1303 | 1323 | 1334
Zero-dispersion slope ps/nm?/km 0.113]0.109 | 0.104 | 0.102
MFD um 1310nm| 8.35 | 8.60 | 8.86 | 8.98
1550nm| 8.73 | 9.15 | 9.58 | 9.97
Cut-off wavelength nm 1185 | 1260 | 1350 | 1385
Bending loss dBturn |18250MI 0.4 | 0.1 | 0.0 | 00
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FIG.57

Hole occupancy rate S % 30.1 30.1 30.1 30.3 24.1
Distance L1 um | 13.86 | 13.86 | 13.86 | 13.19 | 13.50
Hole diameter d (1 m 3.33 3.33 3.33 3.19 2.60
Core diameter 2a um 8.1 8.0 8.1 7.6 8.1
Relative refractive index difference A1 % 0.30 0.23 0.30 0.30 0.30
Inner cladding layer diameter 2b um 16 36 20 33 36
Relative refractive index difference A2 % 0.05 | -0.05 | -0.05 | -0.05 | -0.05
L . 1310nm| -0.77 | -0.76 | -0.48 | -1.18 | -0.41
Chromatic dispersion ps/nmkm e onm| 17.00 | 17.81 | 17.26 | 16.93 | 17.31
Zero-dispersion wavelength nm 1319 | 1318 | 1315 | 1323 | 1315
Zero-dispersion slope ps/nm?/km 0.0867 | 0.0900 | 0.0876 | 0.0872 | 0.0877
MED um 1310nm| 8.92 9.48 8.86 8.63 8.79
1550nm| 10.07 | 10.73 | 9.95 8.73 9.84
Cut-off wavelength nm 1195 1195 1210 | 1235 1235
Bending loss dum |16250Mf g5 | 03 | 02 [ 01 | 02
Hole occupancy rate S % 30.1 30.1 26.0 30.1 29.8
Distance L1 um 13.86 | 13.86 | 13.22 | 13.86 | 13.86
Hole diameter d um 3.33 3.33 2.75 3.33 3.30
Core diameter 2a um 8.0 8.1 8.2 8.1 7.8
Relative refractive index difference A1 % 0.25 0.30 0.30 0.30 0.30
Inner cladding layer diameter 2b gm 36 24 35 28 34
Relative refractive index difference A2 % -0.05 | -0.06 | -0.05 | -0.05 | -0.05
Chromatic dispersion ps/nm/km 1310nmj_0.76 1 -0.39 | -0.23 } -0.39 | -0.98
1550nm| 17.55 | 17.37 | 17.64 |- 17.38 | 16.81
Zero-dispersion wavelength nm 1319 | 1314 | 1313 | 1314 | 1321
Zero-dispersion slope ps/nm?km 0.0888 | 0.0880 | 0.0886 | 0.0880 | 0.0866
MED um 1310nm| 9.25 8.90 8.80 8.89 8.70
1550nm| 10.45 | 10.00 | 9.84 9.99 9.81
Cut-off wavelength nm 1235 | 1236 | 1255 | 1260 | 1260
Bending loss dBiturn [16250M 02 | 01 | 02 | 01 | o




US 9,075,185 B2

1
HOLE-ASSISTED OPTICAL FIBER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of PCT International
Application No. PCT/JP2011/068073 filed on Aug. 8, 2011
which claims the benefit of priority from Japanese Patent
Application No. 2010-179058 filed on Aug. 9, 2010, the
entire contents of which are incorporated herein by reference.

BACKGROUND

1. Technical Field

The disclosure relates to a hole-assisted optical fiber.

2. Related Art

Conventionally, an optical fiber compliant with ITU-T
(G.652 (made by International Telecommunication Union)
has been used for optical communications. In the ITU-T
(.652, as optical fiber characteristics, a mode field diameter
at a wavelength of 1310 nm is specified as in a range of 8.6 to
9.5 (£0.6) um, a cut-off wavelength by a 22 m method defined
in ITU-T G.650 is specified as equal to or less than 1260 nm,
and a zero-dispersion wavelength is specified as in a range of
1300 to 1324 nm.

A hole-assisted optical fiber (HAF) is an optical fiber hav-
ing a constitution such that holes are provided in a cladding
portion formed around a core portion to which germanium or
the like is added, the core being high in refraction index (see
Japanese Patent No. 3854627 and Japanese Patent Applica-
tion Laid-open No. 2004-226540). The hole-assisted optical
fiber is provided with the holes to intensify the confinement of
light to the core portion thus being characterized by a
decrease in bending loss. Therefore, bending loss character-
istics further more excellent than that specified in the ITU-T
(.657B can be realized and hence, the hole-assisted optical
fiber has come to attention as an optical fiber used in place of
the above-mentioned conventional optical fiber compliant
with the ITU-T G.652.

In addition, in the ITU-T G.652, the value of the bending
loss when bent at a radius of 7.5 mm is specified as equal to or
less than 1 dB/turn for a wavelength of 1625 nm and equal to
or less than 0.5 dB/turn for a wavelength of 1550 nm. Here,
“dB/turn” is a unit expressing the increase in transmission
loss per one turn in decibels when an optical fiber is wound by
one around (one turn) at a predetermined radius.

Here, when the hole-assisted optical fiber is used as an
optical communications-use optical fiber compliant with
ITU-T G.652, it is necessary to realize single-mode transmis-
sion at a wavelength (1556 nm, for example) used for optical
communications. Furthermore, at the same time, in order to
improve productivity, the hole-assisted optical fiber prefer-
ably has a large design margin for achieving desired proper-
ties thereof.

SUMMARY

In accordance with some embodiments, a hole-assisted
optical fiber includes a core portion and a cladding portion.
The cladding portion includes an inner cladding layer formed
around an outer periphery of the core portion and having a
refractive index lower than that of the core portion, an outer
cladding layer formed around an outer periphery of the inner
cladding layer and having a refractive index higher than that
of the inner cladding layer and lower than that of the core
portion, and a plurality of holes formed around the core
portion. A diameter of the core portion is in a range of 3 pm to
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2

9.8 um. A relative refractive index difference of the core
portion relative to the outer cladding layer is in a range of
0.11% to 0.45%. An outside diameter of the inner cladding
layer is equal to or less than 53 um. A relative refractive index
difference of the inner cladding layer relative to the outer
cladding layer is a negative value equal to or more than
-0.30%. A diameter of each of the plurality of holes is in a
range of 2.4 pm to 4.0 um. A hole occupancy rate is in a range
of 17% to 48%. A bending loss at a wavelength of 1625 nm
when bent at a radius of 5 mm is equal to or less than 1
dB/turn. A cut-off wavelength is equal to or less than 1550
nm. Thehole occupancy rate S (%) is defined by the following
expression (1):

S=Nn(d/2)?/[n(R+d)*-nR?] 1)

where N is the number of the plurality of holes, d (um) is
the diameter of each of the plurality of holes, and R (um) is a
radius of an inscribed circle which is brought into internal
contact with each of the plurality of holes.

The above and other objects, features, advantages and tech-
nical and industrial significance of this invention will be
better understood by reading the following detailed descrip-
tion of presently preferred embodiments of the invention,
when considered in connection with the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a view illustrating a schematic cross section of a
hole-assisted optical fiber according to a first embodiment
and a refractive index profile corresponding thereto;

FIG. 2 is an explanatory view for explaining structural
parameters of the hole-assisted optical fiber illustrated in FI1G.
1

FIG. 3A is a view illustrating a relationship between a hole
occupancy rate S and a cut-off wavelength for the hole-as-
sisted optical fiber according to the first embodiment and a
hole-assisted optical fiber according to a comparative
embodiment;

FIG. 3B is a view illustrating a relationship between the
hole occupancy rate S and a bending loss for the hole-assisted
optical fiber according to the first embodiment and the hole-
assisted optical fiber according to the comparative embodi-
ment;

FIG. 4A is a view illustrating a relationship between an
inner cladding layer outside diameter 24 and a cut-off wave-
length for a hole-assisted optical fiber 10 according to the first
embodiment and the hole-assisted optical fiber according to
the comparative embodiment;

FIG. 4B is a view illustrating a relationship between the
inner cladding layer outside diameter 26 and the bending loss
for the hole-assisted optical fiber according to the first
embodiment and the hole-assisted optical fiber according to
the comparative embodiment;

FIG. 4C is a view illustrating a relationship between the
inner cladding layer outside diameter 26 and an MFD for the
hole-assisted optical fiber according to the first embodiment
and the hole-assisted optical fiber according to the compara-
tive embodiment;

FIG. 4D is a view illustrating a relationship between the
inner cladding layer outside diameter 26 and a zero-disper-
sion wavelength for the hole-assisted optical fiber according
to the first embodiment and the hole-assisted optical fiber
according to the comparative embodiment;

FIG. 4E is a view illustrating a relationship between the
inner cladding layer outside diameter 26 and a zero-disper-
sion slope for the hole-assisted optical fiber according to the
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first embodiment and the hole-assisted optical fiber according
to the comparative embodiment;

FIG. 5 is a view illustrating a relationship between the hole
occupancy rate S and the cut-off wavelength;

FIG. 6 is a view illustrating a relationship between the hole
occupancy rate S and the bending loss;

FIG. 7 is a view illustrating a relationship between the hole
occupancy rate S and a MFD;

FIG. 8 is a view illustrating a relationship between the hole
occupancy rate S and the zero-dispersion wavelength;

FIG. 9 is a view illustrating a relationship between a core
diameter 2a and the cut-off wavelength;

FIG. 10 is a view illustrating a relationship between the
core diameter 2a and the bending loss;

FIG. 11 is a view illustrating a relationship between the
core diameter 2a and the MFD;

FIG. 12 is a view illustrating a relationship between the
core diameter 2a and the zero-dispersion wavelength;

FIG. 13 is a view illustrating a relationship between the
core diameter 2a and the cut-off wavelength;

FIG. 14 is a view illustrating a relationship between the
core diameter 2a and the macrobendng loss;

FIG. 15 is a view illustrating a relationship between the
core diameter 2a and the MFD;

FIG. 16 is a view illustrating a relationship between the
core diameter 2a and the zero-dispersion wavelength;

FIG. 17 is a view illustrating a relationship between a
relative refractive index difference Al and the cut-off wave-
length;

FIG. 18 is a view illustrating a relationship between the
relative refractive index difference Al and the bending loss;

FIG. 19 is a view illustrating a relationship between the
relative refractive index difference Al and the MFD;

FIG. 20 is a view illustrating a relationship between the
relative refractive index difference Al and the zero-dispersion
wavelength;

FIG. 21 is a view illustrating a relationship between the
relative refractive index difference Al and the cut-off wave-
length;

FIG. 22 is a view illustrating a relationship between the
relative refractive index difference Al and the bending loss;

FIG. 23 is a view illustrating a relationship between the
relative refractive index difference Al and the MFD;

FIG. 24 is a view illustrating a relationship between the
relative refractive index difference Al and the zero-dispersion
wavelength;

FIG. 25 is a view illustrating a relationship between a
relative refractive index difference A2 and the cut-off wave-
length;

FIG. 26 is a view illustrating a relationship between the
relative refractive index difference A2 and the bending loss;

FIG. 27 is a view illustrating a relationship between the
relative refractive index difference A2 and the MFD;

FIG. 28 is a view illustrating a relationship between the
relative refractive index difference A2 and the zero-dispersion
wavelength;

FIG. 29 is a view illustrating a relationship between the
relative refractive index difference A2 and the cut-off wave-
length;

FIG. 30 is a view illustrating a relationship between the
relative refractive index difference A2 and the bending loss;

FIG. 31 is a view illustrating a relationship between the
relative refractive index difference A2 and the MFD;

FIG. 32 is a view illustrating a relationship between the
relative refractive index difference A2 and the zero-dispersion
wavelength;
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FIG. 33 is a view illustrating a relationship between the
inner cladding layer outside diameter 26 and the cut-off wave-
length;

FIG. 34 is a view illustrating a relationship between the
inner cladding layer outside diameter 25 and the bending loss;

FIG. 35 is a view illustrating a relationship between the
inner cladding layer outside diameter 25 and the MFD;

FIG. 36 is a view illustrating a relationship between the
inner cladding layer outside diameter 26 and the zero-disper-
sion wavelength;

FIG. 37A is a view illustrating a relationship between the
core diameter 2a and optical properties when the hole occu-
pancy rate S is 30.1% and a hole diameter d is 2.9 pm;

FIG. 37B is a view illustrating a relationship between the
core diameter 2a and optical properties when the hole occu-
pancy rate S is 30.1% and the hole diameter d is 2.9 um;

FIG. 38A is a view illustrating a relationship between the
core diameter 2a and optical the properties when the hole
occupancy rate S is 30.1% and the hole diameter d is 3.3 um;

FIG. 38B is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 30.1% and the hole diameter d is 3.3 um;

FIG. 39A is a view illustrating a relationship between the
hole diameter d and the optical properties when the hole
occupancy rate S is 30.1% and the core diameter 2a is 6.6 um;

FIG. 39B is a view illustrating a relationship between the
hole diameter d and the optical properties when the hole
occupancy rate S is 30.1% and the core diameter 2a is 6.6 um;

FIG. 40A is a view illustrating a relationship between the
hole diameter d and the optical properties when the hole
occupancy rate S is 30.1% and the core diameter 2a is 7.8 um;

FIG. 40B is a view illustrating a relationship between the
hole diameter d and the optical properties when the hole
occupancy rate S is 30.1% and the core diameter 2a is 7.8 um;

FIG. 41A is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 35.7% and the hole diameter d is 2.6 um;

FIG. 41B is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 35.7% and the hole diameter d is 2.6 um;

FIG. 42A is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 35.7% and the hole diameter d is 2.7 um;

FIG. 42B is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 35.7% and the hole diameter d is 2.7 um;

FIG. 43 A is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 35.7% and the hole diameter d is 2.9 um;

FIG. 43B is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 35.7% and the hole diameter d is 2.9 um;

FIG. 44A is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 35.7% and the hole diameter d is 3.3 um;

FIG. 44B is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 35.7% and the hole diameter d is 3.3 um;

FIG. 45A is a view illustrating a relationship between the
hole diameter d and the optical properties when the hole
occupancy rate S is 35.7% and the core diameter 2a is 6.6 um;

FIG. 45B is a view illustrating a relationship between the
hole diameter d and the optical properties when the hole
occupancy rate S is 35.7% and the core diameter 2a is 6.6 um;

FIG. 46A is a view illustrating a relationship between the
hole diameter d and the optical properties when the hole
occupancy rate S is 35.7% and the core diameter 2a is 7.1 um;
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FIG. 468 is a view illustrating a relationship between the
hole diameter d and the optical properties when the hole
occupancy rate S is 35.7% and the core diameter 2a is 7.1 pm;

FIG. 47A is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 38.0% and the hole diameter d is 2.7 um;

FIG. 47B is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 38.0% and the hole diameter d is 2.7 um;

FIG. 48A is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 38.0% and the hole diameter d is 2.9 um;

FIG. 48B is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 38.0% and the hole diameter d is 2.9 um;

FIG. 49A is a view illustrating a relationship between the
hole diameter d and the optical properties when the hole
occupancy rate S is 38.0% and the core diameter 2a is 6.6 um;

FIG. 49B is a view illustrating a relationship between the
hole diameter d and the optical properties when the hole
occupancy rate S is 38.0% and the core diameter 2a is 6.6 um;

FIG. 50A is a view illustrating a relationship between the
hole diameter d and the optical properties when the hole
occupancy rate S is 38.0% and the core diameter 2a is 7.0 um;

FIG. 50B is a view illustrating a relationship between the
hole diameter d and the optical properties when the hole
occupancy rate S is 38.0% and the core diameter 2a is 7.0 um;

FIG. 51A is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 42.0% and the hole diameter d is 2.9 um;

FIG. 51B is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 42.0% and the hole diameter d is 2.9 um;

FIG. 52A is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 42.0% and the hole diameter d is 3.2 um;

FIG. 52B is a view illustrating a relationship between the
core diameter 2a and the optical properties when the hole
occupancy rate S is 42.0% and the hole diameter d is 3.2 um;

FIG. 53A is a view illustrating a relationship between the
hole diameter d and the optical properties when the hole
occupancy rate S is 42.0% and the core diameter 2a is 6.0 um;

FIG. 53B is a view illustrating a relationship between the
hole diameter d and the optical properties when the hole
occupancy rate S is 42.0% and the core diameter 2a is 6.0 um;

FIG. 54A is a view illustrating a relationship between the
hole diameter d and the optical properties when the hole
occupancy rate S is 42.0% and the core diameter 2a is 7.0 um;

FIG. 54B is a view illustrating a relationship between the
hole diameter d and the optical properties when the hole
occupancy rate S is 42.0% and the core diameter 2a is 7.0 um;

FIG. 55A is a view illustrating a relationship between the
combination of the structural parameters and optical proper-
ties when the hole occupancy rate S is 30.1%;

FIG. 55B is a view illustrating a relationship between the
combination of the structural parameters and optical proper-
ties when the hole occupancy rate S is 30.1%;

FIG. 55C is a view illustrating a relationship between the
combination of the structural parameters and the optical prop-
erties when the hole occupancy rate S is 35.7%;

FIG. 55D is a view illustrating a relationship between the
combination of the structural parameters and the optical prop-
erties when the hole occupancy rate S is 35.7%;

FIG. 55E is a view illustrating a relationship between the
combination of the structural parameters and the optical prop-
erties when the hole occupancy rate S is 38.0%;
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FIG. 55F is a view illustrating a relationship between the
combination of the structural parameters and the optical prop-
erties when the hole occupancy rate S is 38.0%;

FIG. 55G is a view illustrating a relationship between the
combination of the structural parameters and the optical prop-
erties when the hole occupancy rate S is 42.0%;

FIG. 55H is a view illustrating a relationship between the
combination of the structural parameters and the optical prop-
erties when the hole occupancy rate S is 42.0%;

FIG. 56 is a view illustrating a relationship between the
combination of the hole occupancy rate and other design
parameters, and the optical properties; and

FIG. 57 is a view illustrating a relationship between
another combination of the hole occupancy rate and other
design parameters, and the optical properties.

DETAILED DESCRIPTION

Hereinafter, with reference to the drawings, embodiments
of'a hole-assisted optical fiber according to the present inven-
tion are explained in detail. Here, the present invention is not
limited to the embodiments. Furthermore, in the drawings,
identical parts or parts corresponding to each other are prop-
erly given same numerals. Furthermore, unless otherwise
specified, the value of a bending loss is specified at a wave-
length of 1625 nm when bent at a radius of 5 mm, and the
value of a mode field diameter (MFD) is specified at a wave-
length of 1310 nm. In addition, terms that are not defined in
this specification conform to definitions or measurement
methods described in ITU-T G.650.1.

First Embodiment

FIG. 1 is a view illustrating a schematic cross section of a
hole-assisted optical fiber 10 according to a first embodiment
of the present invention and a refractive index profile corre-
sponding thereto. As illustrated in FIG. 1, the hole-assisted
optical fiber 10 includes a core portion 11 and a cladding
portion having an inner cladding layer 12a formed around an
outer periphery of the core portion 11, an outer cladding layer
125 formed around an outer periphery of the inner cladding
layer 12a, and ten holes 12¢ formed around the core portion
11. The holes 12¢ are arranged so that the distances between
the holes 12¢ and the center of the core portion 11 are equal to
each other and central angles are equal to each other.

The core portion 11 is made of silica based glass to which
dopant for improving a refraction index, such as germanium
(Ge), is added. The inner cladding layer 124 is, for example,
made of silica based glass to which dopant for lowering the
refractive index, such as fluorine (F), is added. The outer
cladding layer 125 is, for example, made of pure silica glass
in which dopant for adjusting the refractive index is not con-
tained. Therefore, as illustrated by the refraction index profile
P, the inner cladding layer 12a has a refractive index lower
than that of the core portion 11. Furthermore, the outer clad-
ding layer 125 has a refractive index higher than that of the
inner cladding layer 12¢ and lower than that of the core
portion 11. Here, a broken line H indicates the positions of the
holes 12¢.

The design parameters of the hole-assisted optical fiber 10
are specified. First of all, as a parameter for the refractive
index out of the design parameters, as illustrated in FIG. 1, the
relative refractive index difference of the core portion 11 to
the outer cladding layer 1254 is A1, and the relative refractive
index difference of the inner cladding layer 12« to the outer
cladding layer 125 is A2.
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Next, structural parameters out of the design parameters of
the hole-assisted optical fiber 10 are explained. FIG. 2 is an
explanatory view for explaining structural parameters of the
hole-assisted optical fiber 10 illustrated in FIG. 1. As illus-
trated in FIG. 2, the diameter of the core portion 11 (a core
diameter) is expressed as 2a [um], the outside diameter of the
inner cladding layer 12a (an inner cladding layer outside
diameter) is expressed as 2b [um], the diameter of the hole
12¢ (ahole diameter) is expressed as d [um], the distance from
the center of the core portion 11 to the center of the hole 12¢
is expressed as L1 [um], and the minimum distance from the
center of the core portion 11 to the outer edge of the hole 12¢;
that is, the radius of an inscribed circle C1 brought into
internal contact with each hole 12¢ with the center of the core
portion 11 as the center is expressed as R [um].

Here, a core diameter 2a is defined as a diameter at a
position where the relative refractive index difference Al
becomes 0% on the border between the core portion 11 and
the inner cladding layer 12a. Furthermore, an inner cladding
layer outside diameter 256 is defined as a diameter at a position
where a relative refractive index difference becomes one-half
of the relative refractive index difference A2 on the border
between the inner cladding layer 12a and the outer cladding
layer 1264.

Furthermore, the number of the holes 12¢ is expressed as
N, and the following expression (1) defines a hole occupancy
rate S [%].

S=Nn(d/2)*/[n(R+d)*-nR?] 1)

The hole occupancy rate S indicates a ratio of an area
occupied by the holes 12¢ to the area of an annular region
whose radius is (R+d), the annular region being formed
between a circumscribed circle C2 and the inscribed circle C1
of each hole 12c¢.

Furthermore, in FIGS. 1 and 2, the holes 12¢ are positioned
in the inner cladding layer 12a. However, the position of each
hole 12¢ is not limited in particular. That is, a large and small
relationship between the distance [.1 and the inner cladding
layer outside diameter 25 is arbitrarily changed. Therefore,
the holes 12¢ may be positioned in the outer cladding layer
125, and may be positioned so that the holes 12¢ are arranged
in an area extending over the inner cladding layer 12a and the
outer cladding layer 124.

Next, in the hole-assisted optical fiber 10 according to the
present embodiment, the characteristics of the cut-off wave-
length and the bending loss with respect to the hole occu-
pancy rate S are explained. Hereinafter, the core diameter 2a
is set to 8 um, the inner cladding layer outside diameter 26 is
set to 36 ul, the relative refractive index difference Al is set to
0.3%, and the relative refractive index difference A2 is set to
-0.05%. Furthermore, as a comparative embodiment, in the
structure of the hole-assisted optical fiber 10 illustrated in
FIG. 1, the core diameter 24 is set to 8 um, the inner cladding
layer outside diameter 25 is set to 36 and the relative refrac-
tive index difference Al is set to 0.3%. Here, the relative
refractive index difference A2 is 0%, and the characteristics of
a hole assisted optical fiber substantially having a structure
with no inner cladding layer are explained.

FIG. 3A is a view illustrating a relationship between the
hole occupancy rate S and the cut-off wavelength for the
hole-assisted optical fiber 10 according to the first embodi-
ment and the hole-assisted optical fiber according to the com-
parative embodiment. Furthermore, FIG. 3B is a view illus-
trating a relationship between the hole occupancy rate S and
the bending loss for the hole-assisted optical fiber according
to the first embodiment and the hole-assisted optical fiber
according to the comparative embodiment.
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As illustrated in FIG. 3A, the hole-assisted optical fiber 10
according to the first embodiment and the hole-assisted opti-
cal fiber according to the comparative embodiment each has
a cut-off wavelength in the similar range with respect to the
same hole occupancy rate S. For example, when the cut-off
wavelength is set to equal to or less than 1550 nm, the hole
occupancy rate S in both the first embodiment and the com-
parative embodiment may be set to equal to or less than
37.5%.

On the other hand, as illustrated in FIG. 3B, with respect to
the bending loss, the hole-assisted optical fiber 10 according
to the first embodiment is further excellent in bending loss
characteristics with respect to the same hole occupancy rate S
thus realizing further small bending loss. For example, the
bending loss when the cut-off wavelength is 1260 nm is 0.196
dB/turn in the comparative embodiment, and as small as
0.085 dB/turn in the firstembodiment. Furthermore, when the
bending loss is set to equal to or less than 0.1 dB/turn, it is
necessary to set the hole occupancy rate S to equal to or more
than 33% in the comparative embodiment. On the other hand,
in the first embodiment, the hole occupancy rate S may be set
to equal to or more than 28.5% thus realizing a bending loss
of equal to or less than 0.1 dB/turn with respect to the hole
occupancy rate S in a wider range.

Furthermore, the hole-assisted optical fiber 10 according to
the first embodiment is further excellent in bending loss char-
acteristics and hence, when a hole-assisted optical fiber with
bending loss characteristics equivalent to that of the hole-
assisted optical fiber according to the comparative embodi-
ment is designed, the cut-off wavelength can be set shorter. As
a result, a wavelength bandwidth in which a single-mode
transmission can be realized becomes wider. For example, a
cut-oft wavelength when the bending loss is 0.1 dB/turn is
1270 nm in the comparative embodiment and 1170 nm in the
first embodiment.

Next, in the hole-assisted optical fiber 10 according to the
first embodiment and the hole-assisted optical fiber according
to the comparative embodiment, a cut-off wavelength, a
bending loss, a mode field diameter (MFD), a zero-dispersion
wavelength, and a zero-dispersion slope when the hole occu-
pancy rate S is 30.1%, 35.7%, or 39.9%, and the inner clad-
ding layer outside diameter 25 is changed are explained.
Here, the zero-dispersion slope means the gradient of chro-
matic dispersion at the zero-dispersion wavelength. Herein-
after, the core diameter 2a is 8 um, the relative refractive index
difference Al is 0.3%, and the relative refractive index differ-
ence A2 is -0.05%.

FIG. 4A is a view illustrating a relationship between the
inner cladding layer outside diameter 26 and the cut-off wave-
length for the hole-assisted optical fiber 10 according to the
first embodiment and the hole-assisted optical fiber according
to the comparative embodiment. FIG. 4B is a view illustrating
a relationship between the inner cladding layer outside diam-
eter 25 and the bending loss for the hole-assisted optical fiber
according to the first embodiment and the hole-assisted opti-
cal fiber according to the comparative embodiment. FIG. 4C
is aview illustrating a relationship between the inner cladding
layer outside diameter 25 and an MFD for the hole-assisted
optical fiber according to the first embodiment and the hole-
assisted optical fiber according to the comparative embodi-
ment. FIG. 4D is a view illustrating a relationship between the
inner cladding layer outside diameter 26 and the zero-disper-
sion wavelength for the hole-assisted optical fiber according
to the first embodiment and the hole-assisted optical fiber
according to the comparative embodiment. Furthermore,
FIG. 4E is a view illustrating a relationship between the inner
cladding layer outside diameter 26 and the zero-dispersion
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slope for the hole-assisted optical fiber according to the first
embodiment and the hole-assisted optical fiber according to
the comparative embodiment.

As illustrated in FIGS. 4A to 4E, in the hole-assisted opti-
cal fiber according to the comparative embodiment, the inner
cladding layer 12a does not exist and hence, the characteris-
tics thereof; that is, the cut-off wavelength, the bending loss,
the MFD, the zero-dispersion wavelength, and the zero-dis-
persion slope have constant values. On the other hand, the
hole-assisted optical fiber 10 according to the first embodi-
ment is provided with the inner cladding layer 12a and the
inner cladding layer outside diameter 25 is adjusted thus
adjusting the above-mentioned characteristics over the wide
range. That is, in the hole-assisted optical fiber 10 according
to the first embodiment, the combination of the other design
parameters and the inner cladding layer outside diameter 26
can further increase the degree of freedom in the setting of the
design parameter.

Here, as illustrated in FIG. 4A, the cut-off wavelength of
the hole-assisted optical fiber 10 according to the first
embodiment turns into a long wavelength along with the
increase of the hole occupancy rate S or the increase of the
inner cladding layer outside diameter 25. For example, if the
hole occupancy rate S is 39.9%, when the inner cladding layer
outside diameter 25 is larger than approximately 35 pm, the
cut-oft wavelength of the first embodiment becomes longer
than that of the comparative embodiment. In the same manner
as above, if the hole occupancy rate S is 35.7%, when the
inner cladding layer outside diameter 25 is larger than
approximately 28 um, the cut-off wavelength of the first
embodiment becomes longer than that of the comparative
embodiment. If the hole occupancy rate S is 30.1%, when the
inner cladding layer outside diameter 25 is larger than
approximately 27 um, the cut-off wavelength of the first
embodiment becomes longer than that of the comparative
embodiment.

Furthermore, as illustrated in FIG. 4B, the bending loss of
the hole-assisted optical fiber 10 according to the first
embodiment turns into a low loss along with the increase of
the hole occupancy rate S and the increase of the inner clad-
ding layer outside diameter 25. Furthermore, to consider also
any case out of the cases where the hole occupancy rate S is
39.9%, 35.7%, and 30.1%, when the inner cladding layer
outside diameter 25 is larger than approximately 15 pmto 16
um, the bending loss of the first embodiment becomes lower
than that of the comparative embodiment.

Furthermore, as illustrated in FIGS. 4C to 4E, the MFD, the
zero-dispersion wavelength, and the zero-dispersion slope
are less dependent on the inner cladding layer outside diam-
eter 2b. Particularly, the zero-dispersion slope is also less
dependent on the hole occupancy rate S. However, in the
hole-assisted optical fiber 10 according to the first embodi-
ment, any characteristics of the MFD, the zero-dispersion
wavelength, and the zero-dispersion slope thereof can also be
made smaller than those of the hole-assisted optical fiber
according to the comparative embodiment.

That is, the hole-assisted optical fiber 10 according to the
first embodiment is provided with the inner cladding layer
12a whereby the degree of freedom in design margin and
design for realizing desired characteristics is large compared
with the case ofthe hole-assisted optical fiber according to the
comparative embodiment. As a result, a load in designing is
reduced and the permissible amount of a manufacture error
becomes large thus further improving productivity.

Furthermore, the hole-assisted optical fiber 10 according to
the first embodiment has the core diameter 2a set in a range of
3 um to 9.8 a relative refractive index difference Al set in a
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range of 0.11% to 0.45%, the inner cladding layer outside
diameter 24 set to a value larger than a core diameter 2a of
equal to or less than 53 a relative refractive index difference
A2 set to a negative value of equal to or more than -0.30%, a
hole diameter d set in a range of 2.7 um to 4.0 pm, and a hole
occupancy rate S set in a range of 17% to 48% thus realizing
characteristics such that the bending loss is equal to or less
than 1 dB/turn being smaller than a value specified in ITU-T
G.657B and the cut-off wavelength is equal to or less than
1550 nm.

Furthermore, the core diameter 2a is set in a range of 6.0
um to 8.4 um, the relative refractive index difference A1 is set
in a range 0f 0.23% to 0.32%, the inner cladding layer outside
diameter 25 is set to a value larger than a core diameter 2a of
equal to or less than 50 um, the relative refractive index
difference A2 is set to anegative value of equal to or more than
-0.15%, the hole diameter d is set in a range of 2.2 pm to 3.4
um, and the hole occupancy rate S is set to equal to or less than
42% thus realizing characteristics such that the bending loss
is equal to or less than 1 dB/turn, the cut-off wavelength is
equal to or less than 1260 nm, the mode field diameter is in a
range of 8.6 um to 9.5 um, and the zero-dispersion wave-
length is in a range of 1300 nm to 1324 nm, the characteris-
tics, which is compliant with the ITU-T G.652.

In addition, the core diameter 2a is set in a range of 6.0 pm
to 8.4 um, the relative refractive index difference Al is set in
a range of 0.23% to 0.32%, the inner cladding layer outside
diameter 25 is set to a value larger than a core diameter 2a of
equal to or less than 50 um, the relative refractive index
difference A2 is set to anegative value of equal to or more than
-0.15%, the hole diameter d is set in a range of 2.7 pm to 3.4
um, and the hole occupancy rate S is set to equal to or less than
42% thus realizing characteristics that is compliant with the
ITU-T G.652 and the bending loss is as small as equal to or
less than 0.1 dB/turn.

Hereinafter, based on the results of simulation calculations,
in the hole-assisted optical fiber 10 according to the first
embodiment, a relationship between the preferable ranges of
design parameters such as the above-mentioned hole occu-
pancy rate S, the core diameter 2a, relative refractive index
differences Al and A2, the inner cladding layer outside diam-
eter 2b, and hole diameter d and optical properties realized by
the design parameters, such as the cut-off wavelength, the
bending loss, the mode field diameter (MFD), and the zero-
dispersion wavelength is explained.

Relationship between hole occupancy rate and optical
properties

First of all, relationships between the hole occupancy rate
S and optical properties are explained. Here, with respect to
the other design parameters, the core diameter 2a is fixedly set
to 8 um, the inner cladding layer outside diameter 256 is fixedly
set to 36 um, the relative refractive index difference Al is
fixedly set to 0.30%, and the relative refractive index difter-
ence A2 is fixedly set to —0.05%.

FIG. 5 is a view illustrating a relationship between the hole
occupancy rate S and the cut-off wavelength. Here, lines [.1
and L2 indicate positions at which the cut-off wavelengths are
1550 nm and 1260 nm, respectively. As illustrated in FIG. 5,
when the hole occupancy rate S is equal to or less than 38%,
the cut-off wavelength can be set to equal to or less than 1550
nm. When the hole occupancy rate S is equal to or less than
34%, the cut-off wavelength can be set to equal to or less than
1260 nm, which is compliant with the ITU-T G.652.

FIG. 6 is a view illustrating a relationship between the hole
occupancy rate S and the bending loss. As illustrated in FIG.
6, when the hole occupancy rate S is 17%, the bending loss is
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1 dB/turn. Therefore, when the hole occupancy rate S is set to
equal to or more than 17%, the bending loss can be setto equal
to or less than 1 dB/turn.

FIG. 7 is a view illustrating a relationship between the hole
occupancy rate S and the MFD. Here, lines [.3 and .4 indicate
positions at which the MFDs are 8.6 um and 9.5 pm, respec-
tively. As illustrated in FIG. 7, when the hole occupancy rate
S is equal to or less than 45%, the MFD can be set in a range
of 8.6 um to 9.5 um, which is compliant with the ITU-T
(5.652. For example, when the hole occupancy rate S is equal
to or less than 33%, the MFD can be set to equal to or more
than 8.7 pm.

FIG. 8 is a view illustrating a relationship between the hole
occupancy rate S and the zero-dispersion wavelength. Here,
lines L5 and 16 indicate positions at which the zero-disper-
sion wavelengths are 1300 nm and 1324 nm, respectively. As
illustrated in FIG. 8, the zero-dispersion wavelength hardly
depends on the hole occupancy rate S and hence, the hole
occupancy rate S is set to equal to or less than 45% and the
zero-dispersion wavelength can be set in a range of 1300 nm
to 1324 nm, which is compliant with the I[TU-T G.652.

Relationship between core diameter and optical properties

Next, relationships between the core diameter 2a and opti-
cal properties are explained. Here, with respect to the other
design parameters, the hole occupancy rate S is fixedly set to
30.1%, the inner cladding layer outside diameter 25 is fixedly
set to 36 um, the relative refractive index difference Al is
fixedly set to 0.30%, and the relative refractive index difter-
ence A2 is fixedly set to —0.05%.

FIG. 9 is a view illustrating a relationship between the core
diameter 2a and the cut-off wavelength. Here, lines .1 and [.2
indicate positions at which the cut-off wavelengths are 1550
nm and 1260 nm, respectively. As illustrated in FIG. 9, when
the core diameter 2a is equal to or less than 9.8 um, the cut-off
wavelength can be set to equal to or less than 1550 nm. When
the core diameter 2a is equal to or less than 7.5 pm, it is
possible to confirm that the cut-off wavelength can be set to
equal to or less than 1260 nm compliant with the ITU-T
G.652.

FIG. 10 is a view illustrating a relationship between the
core diameter 2a and the bending loss. As illustrated in FIG.
10, when the core diameter 2a is 4 um, the bending loss is 1
dB/turn. Therefore, when the core diameter 2q is set to equal
to or more than 4 pm, the bending loss can be set to equal to
or less than 1 dB/turn.

FIG. 11 is a view illustrating a relationship between the
core diameter 2a and the MFD. Here, lines L3 and [L4 indicate
positions at which the MFDs are 8.6 um and 9.5 pm, respec-
tively. Furthermore, lines 1.7 and L8 indicate positions such
that the MFDs are 8.0 um and 10.1 um, respectively. When
data points illustrated in FIG. 11 are linearly approximated, it
is possible to confirm that, when the core diameter 2a is in a
range of 7.4 um to 9.8 um, the MFD can be set in arange of 8.6
um to 9.5 pm, which is compliant with the ITU-T G.652.

FIG. 12 is a view illustrating a relationship between the
core diameter 24 and the zero-dispersion wavelength. Here,
lines L5 and 16 indicate positions at which the zero-disper-
sion wavelengths are 1300 nm and 1324 nm, respectively.
When data points illustrated in FIG. 12 are approximated by
a quaternary polynomial, it is possible to confirm that, when
the core diameter 2q is in a range of 7.4 um to 9 um, the
zero-dispersion wavelength can be set in a range of 1300 nm
to 1324 nm, which is compliant with the I[TU-T G.652.

Next, the case that only the hole occupancy rate S is
changed to 35.7%, and the other design parameters are as
follows without change; that is, the inner cladding layer out-
side diameter 254, the relative refractive index difference Al,
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and the relative refractive index difference A2 are fixedly set
to 36 um, 0.30%, and -0.05%, respectively, is explained.

FIG. 13 is a view illustrating a relationship between the
core diameter 2a and the cut-off wavelength. Here, lines [.1
and L2 indicate positions at which the cut-off wavelengths are
1550 nm and 1260 nm, respectively. As illustrated in FIG. 13,
it is possible to confirm that, when the core diameter 2a is
equal to or less than 8.3 pum, the cut-off wavelength can be set
to equal to or less than 1550 nm, and When the core diameter
2a is equal to or less than 6.5 pm, the cut-off wavelength can
be set to equal to or less than 1260 nm, which is compliant
with the ITU-T G.652.

FIG. 14 is a view illustrating a relationship between the
core diameter 2a and the macrobendng loss. As illustrated in
FIG. 14, when the core diameter 2a is 3 pm, the bending loss
is 1 dB/turn. Therefore, when the core diameter 2a is set to
equal to or more than 3 um, the bending loss can be set to
equal to or less than 1 dB/turn.

FIG. 15 is a view illustrating a relationship between the
core diameter 2a and the MFD. Here, lines .3 and [L4 indicate
positions at which the MFDs are 8.6 pum and 9.5 pm, respec-
tively. Furthermore, lines 1.7 and L8 indicate positions such
that the MFDs are 8.0 um and 10.1 um, respectively. When
data points illustrated in FIG. 15 are linearly approximated to
be extrapolated, it is possible to confirm that, when the core
diameter 24 is equal to or more than 7.2 um, the MFD can be
set in arange of 8.6 um to 9.5 um, which is compliant with the
ITU-T G.652.

FIG. 16 is a view illustrating a relationship between the
core diameter 2a and the zero-dispersion wavelength. Here,
lines L5 and 16 indicate positions at which the zero-disper-
sion wavelengths are 1300 nm and 1324 nm, respectively. As
illustrated in FIG. 16, it is possible to confirm that, when the
core diameter 2q is in a range of 7.6 um to 9.0 um, the
zero-dispersion wavelength can be set in a range of 1300 nm
to 1324 nm, which is compliant with the I[TU-T G.652.

Relationship between relative refractive index difference
A1 and optical properties

Next, relationships between the relative refractive index
difference A1 and optical properties are explained. Here, with
respect to the other design parameters, the hole occupancy
rate S is fixedly set to 30.1%, the core diameter 2a is fixedly
set to 8 um, the inner cladding layer outside diameter 25 is
fixedly set to 36 um, and the relative refractive index differ-
ence A2 is fixedly set to —0.05%.

FIG. 17 is a view illustrating a relationship between the
relative refractive index difference Al and the cut-off wave-
length. Here, lines [.1 and [.2 indicate positions at which the
cut-oftf wavelengths are 1550 nm and 1260 nm, respectively.
As illustrated in FIG. 17, it is possible to confirm that, when
the relative refractive index difference Al is equal to or less
than 0.45%, the cut-off wavelength can be set to equal to or
less than 1550 nm, and when the relative refractive index
difference Al is equal to or less than 0.26%, the cut-off
wavelength can be set to equal to or less than 1260 nm, which
is compliant with the ITU-T G.652.

FIG. 18 is a view illustrating a relationship between the
relative refractive index difference Al and the bending loss.
As illustrated in FIG. 18, when the relative refractive index
difference A1 is 0.19%, the bending loss becomes 1 dB/turn.
Therefore, when the relative refractive index difference Al is
set to equal to or more than 0.19%, the bending loss can be set
to equal to or less than 1 dB/turn.

FIG. 19 is a view illustrating a relationship between the
relative refractive index difference Al and the MFD. Here,
lines 1.3 and L4 indicate positions at which the MFDs are 8.6
um and 9.5 pm, respectively. As illustrated in FIG. 19, it is
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possible to confirm that, when the relative refractive index
difference Al is in a range of 0.23% to 0.32%, the MFD can
be setin a range of 8.6 um to 9.5 pm, which is compliant with
the ITU-T G.652.

FIG. 20 is a view illustrating a relationship between the
relative refractive index difference Al and the zero-dispersion
wavelength. Here, lines L5 and .6 indicate positions at which
the zero-dispersion wavelengths are 1300 nm and 1324 nm,
respectively. When data points illustrated in FIG. 20 are
approximated by a quaternary polynomial, it is possible to
confirm that, when the relative refractive index difference Al
is equal to or less than 0.6%, the zero-dispersion wavelength
can be set in a range of 1300 nm to 1324 nm, which is
compliant with the ITU-T G.652.

Next, the case that only the hole occupancy rate S is
changed to 35.7% and the other design parameters, which are
the core diameter 2a, the inner cladding layer outside diam-
eter 2b, and the relative refractive index difference A2, are
fixedly set to 8 um, 36 um, and -0.05%, respectively, without
change is explained.

FIG. 21 is a view illustrating a relationship between the
relative refractive index difference Al and the cut-off wave-
length. Here, lines [.1 and [.2 indicate positions at which the
cut-oftf wavelengths are 1550 nm and 1260 nm, respectively.
As illustrated in FIG. 21, it is possible to confirm that, when
the relative refractive index difference Al is equal to or less
than 0.33%, the cut-off wavelength can be set to equal to or
less than 1550 nm, and when the relative refractive index
difference Al is equal to or less than 0.16%, the cut-off
wavelength can be set to equal to or less than 1260 nm, which
is compliant with the ITU-T G.652.

FIG. 22 is a view illustrating a relationship between the
relative refractive index difference Al and the bending loss.
As illustrated in FIG. 22, when the relative refractive index
difference A1l is 0.11%, the bending loss is 1 dB/turn. There-
fore, when the relative refractive index difference Al is set to
equal to or more than 0.11%, the bending loss can be set to
equal to or less than 1 dB/turn.

FIG. 23 is a view illustrating a relationship between the
relative refractive index difference Al and the MFD. Here,
lines .3 and [4 indicate positions at which the MFDs are 8.6
um and 9.5 um, respectively. When data points illustrated in
FIG. 23 are linearly approximated, it is possible to confirm
that, when the relative refractive index difference Al is in a
range 0f0.23% to 0.32%, the MFD can be set in a range of 8.6
um to 9.5 pm, which is compliant with the ITU-T G.652.

FIG. 24 is a view illustrating a relationship between the
relative refractive index difference Al and the zero-dispersion
wavelength. Here, lines L5 and .6 indicate positions at which
the zero-dispersion wavelengths are 1300 nm and 1324 nm,
respectively. As illustrated in FIG. 24, the zero-dispersion
wavelength hardly depends on the relative refractive index
difference Al and hence, for example, the relative refractive
index difference Al is set to equal to or less than 45% and the
zero-dispersion wavelength can be set in a range of 1300 nm
to 1324 nm, which is compliant with the I[TU-T G.652.

Relationship between relative refractive index difference
A2 and optical properties

Next, relationships between the relative refractive index
difference A2 and optical properties are explained. Here, with
respect to the other design parameters, the hole occupancy
rate S is fixedly set to 35.7%, the core diameter 2a is fixedly
set to 8 um, the inner cladding layer outside diameter 25 is
fixedly set to 36 um, and the relative refractive index difter-
ence Al is fixedly set to 0.30%.

FIG. 25 is a view illustrating a relationship between the
relative refractive index difference A2 and the cut-off wave-

20

30

35

40

45

55

65

14

length. Here, lines [.1 and [.2 indicate positions at which the
cut-oftf wavelengths are 1550 nm and 1260 nm, respectively.
As illustrated in FIG. 25, it is possible to confirm that, when
the relative refractive index difference A2 is equal to or more
than -0.3%, the cut-off wavelength can be set to equal to or
less than 1550 nm, and when the relative refractive index
difference A2 is equal to or more than -0.15%, the cut-off
wavelength can be set to equal to or less than 1260 nm, which
is compliant with the ITU-T G.652.

FIG. 26 is a view illustrating a relationship between the
relative refractive index difference A2 and the bending loss.
As illustrated in FIG. 26, it is possible to confirm that, when
the relative refractive index difference A2 is equal to or less
than -0.04%, the bending loss can be set to equal to or less
than 1 dB/turn.

FIG. 27 is a view illustrating a relationship between the
relative refractive index difference A2 and the MFD. Here,
lines 1.3 and L4 indicate positions at which the MFDs are 8.6
um and 9.5 pm, respectively. As illustrated in FIG. 27, it is
possible to confirm that, when the relative refractive index
difference A2 is in a range of —0.05% to 0.04%, the MFD can
be setin arange of 8.6 um to 9.5 pm, which is compliant with
the ITU-T G.652.

FIG. 28 is a view illustrating a relationship between the
relative refractive index difference A2 and the zero-dispersion
wavelength. Here, lines L5 and [.6 indicate positions at which
the zero-dispersion wavelengths are 1300 nm and 1324 nm,
respectively. As illustrated in FIG. 28, it is possible to confirm
that, when the relative refractive index difference A2 has a
negative value equal to or more than —0.15%, the zero-dis-
persion wavelength can be set in a range of 1300 nm to 1324
nm, which is compliant with the ITU-T G.652.

Next, the case that only the hole occupancy rate S is
changed to 35.7%, and the other design parameters are as
follows without change; that is, the core diameter 2a, the
inner cladding layer outside diameter 25, and the relative
refractive index difference Al are fixedly setto 8 um, 36 um,
and 0.30% respectively is explained.

FIG. 29 is a view illustrating a relationship between the
relative refractive index difference A2 and the cut-off wave-
length. Here, lines [.1 and [.2 indicate positions at which the
cut-oftf wavelengths are 1550 nm and 1260 nm, respectively.
As illustrated in FIG. 29, it is possible to confirm that, when
the relative refractive index difference A2 is equal to or more
than —0.26%, the cut-off wavelength can be set to equal to or
less than 1550 nm, and when the relative refractive index
difference A2 is equal to or more than -0.04%, the cut-off
wavelength can be set to equal to or less than 1260 nm, which
is compliant with the ITU-T G.652.

FIG. 30 is a view illustrating a relationship between the
relative refractive index difference A2 and the bending loss.
As illustrated in FIG. 30, it is possible to confirm that, when
the relative refractive index difference A2 is equal to or less
than 0%, the bending loss can be set to equal to or less than 1
dB/turn.

FIG. 31 is a view illustrating a relationship between the
relative refractive index difference A2 and the MFD. Here,
lines 1.3 and L4 indicate positions at which the MFDs are 8.6
um and 9.5 pm, respectively. As illustrated in FIG. 31, it is
possible to confirm that, when the relative refractive index
difference A2 is in a range of =0.07% 0.02%, the MFD can be
set in arange of 8.6 um to 9.5 um, which is compliant with the
ITU-T G.652.

FIG. 32 is a view illustrating a relationship between the
relative refractive index difference A2 and the zero-dispersion
wavelength. Here, lines L5 and [.6 indicate positions at which
the zero-dispersion wavelengths are 1300 nm and 1324 nm,
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respectively. As illustrated in FIG. 32, it is possible to confirm
that, when the relative refractive index difference A2 has a
negative value equal to or more than -0.15%, the zero-dis-
persion wavelength can be set in a range of 1300 nm to 1324
nm, which is compliant with the ITU-T G.652.

Relationship between inner cladding layer outside diam-
eter 2b and optical properties

Next, relationships between the inner cladding layer out-
side diameter 25 and optical properties are explained. Here,
with respect to the other design parameters, the hole occu-
pancy rate S is set t0 30.1%, 35.7%, 39.9%, or 44.2%, the core
diameter 2q is set to 7 um, 8 um, or 9 um, the relative refrac-
tive index difference Al is set to 0.30%, and the relative
refractive index difference A2 is set to -0.05%.

FIG. 33 is a view illustrating a relationship between the
inner cladding layer outside diameter 25 and the cut-off wave-
length. Here, lines [.1 and [.2 indicate positions at which the
cut-oftf wavelengths are 1550 nm and 1260 nm, respectively.
As illustrated in FIG. 33, the cut-off wavelength becomes
larger along with the increases of the hole occupancy rate S,
the core diameter 2q, and the inner cladding layer outside
diameter 26. Furthermore, if data points illustrated in FIG. 33
are approximated by a quadratic polynomial to be extrapo-
lated, when the hole occupancy rate S is 30.1% and the core
diameter 2a is 8 pm, it is possible to confirm that, when the
inner cladding layer outside diameter 24 is in a range of 8 um
that is the core diameter 24 to 50 pum, the cut-off wavelength
can be set to equal to or less than 1550 nm, and when the inner
cladding layer outside diameter 24 is equal to or less than 32
um, the cut-off wavelength can be set to equal to or less than
1260 nm, which is compliant with the ITU-T G.652. Further-
more, when the hole occupancy rate S is 35.7% and the core
diameter 2a is 8 pm, it is possible to confirm that, when the
inner cladding layer outside diameter 24 is in a range of 8 um
to 42 um, the cut-off wavelength can be set to equal to or less
than 1550 nm, and when the inner cladding layer outside
diameter 25 is equal to or less than 10 um, the cut-off wave-
length can be set to equal to or less than 1260 nm.

FIG. 34 is a view illustrating a relationship between the
inner cladding layer outside diameter 25 and the bending loss.
As illustrated in FIG. 34, the bending loss becomes lower
along with the increases of the hole occupancy rate S, the core
diameter 24, and the inner cladding layer outside diameter 25.
Furthermore, when data points illustrated in FIG. 34 are
approximated by an exponential curve to be extrapolated, in
each case where the hole occupancy rate S is 30.1% or35.7%,
it is possible to confirm that, when the inner cladding layer
outside diameter 25 is equal to or more than 8 jum, the bending
loss can be set to equal to or less than 1 dB/turn.

FIG. 35 is a view illustrating a relationship between the
inner cladding layer outside diameter 26 and the MFD. Here,
lines .3 and [4 indicate positions at which the MFDs are 8.6
um and 9.5 um. As illustrated in FIG. 35, the MFD hardly
depends on the inner cladding layer outside diameter 24.
Furthermore, for example, when the hole occupancy rate S is
30.1%, it is possible to confirm that, when the inner cladding
layer outside diameter 25 has a value ranging from 20 um to
40 um, the MFD can be set in a range of 8.6 um to 9.5 pm,
which is compliant with the ITU-T G.652.

FIG. 36 is a view illustrating a relationship between the
inner cladding layer outside diameter 26 and the zero-disper-
sion wavelength. Here, lines L5 and 1.6 indicate positions at
which the zero-dispersion wavelengths are 1300 nm and 1324
nm, respectively. As illustrated in FIG. 36, the zero-disper-
sion wavelength hardly depends on the inner cladding layer
outside diameter 2b. For example, when the hole occupancy
rate S is 39.9% and the core diameter 2a is 9 um, it is possible
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to confirm that, when the inner cladding layer outside diam-
eter 2b is larger than 9 um and not more than 50 pum, the
zero-dispersion wavelength can be set in a range of 1300 nm
to 1324 nm, which is compliant with the I[TU-T G.652.

Relationship among hole diameter d, core diameter 2a, and
optical properties

Next, a relationship between a hole diameter d, a core
diameter 24, and optical properties is explained. Hereinafter,
first, under the condition that a hole occupancy rate S and the
hole diameter d are fixedly set to specific values, the range of
the core diameter 24 that satisfies desired optical properties is
explained. Next, under the condition that the hole occupancy
rate S and the core diameter 2a are fixedly set to specific
values, the range of the hole diameter d that satisfies desired
optical properties is explained. Here, with respect to the other
design parameters, the core diameter 2q, the inner cladding
layer outside diameter 24, the relative refractive index difter-
ence Al, and the relative refractive index difference A2 are
fixedly set to 8 pm, 36 um, 0.30%, and -0.05%, respectively.

Firstofall, the hole occupancy rate S is set to 30.1%. FIGS.
37A and 37B are views each illustrating a relationship
between the core diameter 2a and the optical properties when
the hole occupancy rate S is 30.1% and the hole diameter d is
2.9 um. Here, FIG. 37A illustrates a cut-off wavelength and a
zero-dispersion wavelength, a square symbol and a diamond
symbol in the drawing indicate the zero-dispersion wave-
length and the cut-off wavelength, respectively, and a con-
tinuous line and a dashed line in the drawing indicate a posi-
tion at which the cut-off wavelength is 1260 nm and positions
at which the zero-dispersion wavelengths are 1300 nm and
1324 nm, respectively. Furthermore, FIG. 37B illustrates a
bending loss and an MFD, a black square symbol and a black
diamond symbol in the drawing indicate the MFD and the
bending loss, respectively, and a continuous line and a dashed
line in the drawing indicate a position at which the bending
loss is 0.1 dB/turn and positions at which the MFDs are 8.6
um and 9.5 um, respectively. Here, in FIG. 38A to FIG. 54A
and FIG. 38B to FIG. 54B explained below also, a square
symbol, a diamond symbol, a continuous line, and a dashed
line each has the same meaning as above. As illustrated in
FIGS.37A and 37B, if the hole diameter d is 2.9 um, when the
core diameter 2a is in a range of 7.8 um to 8.0 pm, a bending
loss of equal to or less than 0.1 dB/turn, a cut-off wavelength
of'equal to or less than 1260 nm, an MFD of in a range of 8.6
um to 9.5 um at a wavelength of 1310 nm, and a zero-
dispersion wavelength of in a range of 1300 nm to 1324 nm
can be realized.

FIGS. 38A and 38B are views each illustrating a relation-
ship between the core diameter 2a and the optical properties
when the hole occupancy rate S is 30.1% and the hole diam-
eter d is 3.3 um. Here, FIG. 38 A illustrates the cut-off wave-
length and the zero-dispersion wavelength, and FIG. 38B
illustrates the bending loss and the MFD. As illustrated in
FIGS.38A and 38B, if the hole diameter d is 3.3 um, when the
core diameter 2a is in a range of 7.8 um to 8.4 pm, a bending
loss of equal to or less than 0.1 dB/turn, a cut-off wavelength
of'equal to or less than 1260 nm, an MFD of in a range of 8.6
um to 9.5 um at a wavelength of 1310 nm, and a zero-
dispersion wavelength of in a range of 1300 nm to 1324 nm
can be realized.

FIGS. 39A and 39B are views each illustrating a relation-
ship between the hole diameter d and the optical properties
when the hole occupancy rate S is 30.1% and the core diam-
eter 2a is 6.6 pm. Here, FIG. 39A illustrates the cut-off
wavelength and the zero-dispersion wavelength, and FIG.
398 illustrates the bending loss and the MFD. As illustrated in
FIGS. 39A and 39B, when the core diameter 2q is 6.6 pm,
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there exists no range of the hole diameter d in which a bending
loss of equal to or less than 0.1 dB/turn, a cut-off wavelength
of'equal to or less than 1260 nm, an MFD of in a range of 8.6
pum to 9.5 um at a wavelength of 1310 nm, and a zero-
dispersion wavelength of in a range of 1300 nm to 1324 nm
can be realized.

FIGS. 40A and 40B are views each illustrating a relation-
ship between the hole diameter d and the optical properties
when the hole occupancy rate S is 30.1% and the core diam-
eter 2a is 7.8 um. Here, FIG. 40A illustrates the cut-off
wavelength and the zero-dispersion wavelength, and FIG.
40B illustrates the bending loss and the MFD. As illustrated in
FIGS. 40A and 40B, if the core diameter 24 is 7.8 um, when
the hole diameter d is in a range 0£2.9 um to 3.4 um, a bending
loss of equal to or less than 0.1 dB/turn, a cut-off wavelength
of'equal to or less than 1260 nm, an MFD of in a range of 8.6
pum to 9.5 um at a wavelength of 1310 nm, and a zero-
dispersion wavelength of in a range of 1300 nm to 1324 nm
can be realized.

As aresult illustrated in FIGS. 37A and 37B to FIGS. 40A
and 40B, if the hole occupancy rate S is 30.1%, when the core
diameter 2aq is in a range of 7.8 um to 8.4 um and the hole
diameter d is in a range 0f 2.9 um to 3.4 um, a bending loss of
equalto orless than 0.1 dB/turn, a cut-off wavelength of equal
to or less than 1260 nm, an MFD of'in a range of 8.6 umt0 9.5
um at a wavelength of 1310 nm, and a zero-dispersion wave-
length of in a range of 1300 nm to 1324 nm can be realized.

Next, the hole occupancy rate S is fixedly set to 35.7%.
FIGS. 41 A and 41B are views each illustrating a relationship
between the core diameter 2a and the optical properties when
the hole occupancy rate S is 35.7% and the hole diameter d is
2.6 um. Here, F1G. 41A illustrates the cut-off wavelength and
the zero-dispersion wavelength, and FIG. 41B illustrates the
bending loss and the MFD. As illustrated in FIGS. 41A and
41B, when the hole diameter d is 2.6 pm, there exists no range
of'the core diameter 2a in which a bending loss of equal to or
less than 0.1 dB/turn, a cut-off wavelength of equal to or less
than 1260 nm, an MFD of in a range of 8.6 um to 9.5 um at a
wavelength of 1310 nm, and a zero-dispersion wavelength of
in a range of 1300 nm to 1324 nm can be realized.

FIGS. 42A and 42B are views each illustrating a relation-
ship between the core diameter 2a and the optical properties
when the hole occupancy rate S is 35.7% and the hole diam-
eter d is 2.7 um. Here, FIG. 42A illustrates the cut-off wave-
length and the zero-dispersion wavelength, and FIG. 42B
illustrates the bending loss and the MFD. As illustrated in
FIGS. 42A and 42B, ifthe hole diameter d is 2.7 um, when the
core diameter 2a is in a range of 6.6 um to 7.2 pm, a bending
loss of equal to or less than 0.1 dB/turn, a cut-off wavelength
of'equal to or less than 1260 nm, an MFD of in a range of 8.6
pum to 9.5 um at a wavelength of 1310 nm, and a zero-
dispersion wavelength of in a range of 1300 nm to 1324 nm
can be realized.

FIGS. 43 A and 43B are views each illustrating a relation-
ship between the core diameter 2a and the optical properties
when the hole occupancy rate S is 35.7% and the hole diam-
eter d is 2.9 um. Here, FIG. 43 A illustrates the cut-off wave-
length and the zero-dispersion wavelength, and FIG. 43B
illustrates the bending loss and the MFD. As illustrated in
FIGS. 43 A and 43B, ifthe hole diameter d is 2.9 um, when the
core diameter 2a is in a range of 6.4 um to 7.4 pm, a bending
loss of equal to or less than 0.1 dB/turn, a cut-off wavelength
of'equal to or less than 1260 nm, an MFD of in a range of 8.6
pum to 9.5 um at a wavelength of 1310 nm, and a zero-
dispersion wavelength of in a range of 1300 nm to 1324 nm
can be realized.
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FIGS. 44A and 44B are views each illustrating a relation-
ship between the core diameter 2a and the optical properties
when the hole occupancy rate S is 35.7% and the hole diam-
eter d is 3.3 um. Here, FIG. 44 A illustrates the cut-off wave-
length and the zero-dispersion wavelength, and FIG. 44B
illustrates the bending loss and the MFD. As illustrated in
FIGS. 44 A and 44B, when the hole diameter d is 3.3 pum, there
exists no range of the core diameter 2a in which a bending loss
of equal to or less than 0.1 dB/turn, a cut-oft wavelength of
equal to or less than 1260 nm, an MFD of in a range of 8.6 um
t0 9.5 um at a wavelength of 1310 nm, and a zero-dispersion
wavelength of in a range of 1300 nm to 1324 nm can be
realized.

FIGS. 45A and 45B are views each illustrating a relation-
ship between the hole diameter d and the optical properties
when the hole occupancy rate S is 35.7% and the core diam-
eter 2a is 6.6 um. Here, FIG. 45A illustrates the cut-off
wavelength and the zero-dispersion wavelength, and FIG.
458 illustrates the bending loss and the MFD. As illustrated in
FIGS. 45A and 45B, if the core diameter 24 is 6.6 um, when
the hole diameter dis inarange of 2.7 umto 3.1 um, a bending
loss of equal to or less than 0.1 dB/turn, a cut-off wavelength
of'equal to or less than 1260 nm, an MFD of in a range of 8.6
um to 9.5 um at a wavelength of 1310 nm, and a zero-
dispersion wavelength of in a range of 1300 nm to 1324 nm
can be realized. Furthermore, when the hole diameter d is in
arange of 2.4 um to 4.0 um, a bending loss of equal to or less
than 1 dB/turn and a cut-off wavelength of equal to or less
than 1550 nm can be realized.

FIGS. 46A and 46B are views each illustrating a relation-
ship between the hole diameter d and the optical properties
when the hole occupancy rate S is 35.7% and the core diam-
eter 2a is 7.1 pm. Here, FIG. 46A illustrates the cut-off
wavelength and the zero-dispersion wavelength, and FIG.
468 illustrates the bending loss and the MFD. As illustrated in
FIGS. 46A and 46B, if the core diameter 24 is 7.1 um, when
the hole diameter dis ina range of 2.8 um to 3.1 um, a bending
loss of equal to or less than 0.1 dB/turn, a cut-off wavelength
of'equal to or less than 1260 nm, an MFD of in a range of 8.6
um to 9.5 um at a wavelength of 1310 nm, and a zero-
dispersion wavelength of in a range of 1300 nm to 1324 nm
can be realized.

As aresult illustrated in FIGS. 41A and 41B to FIGS. 46A
and 46B, if the hole occupancy rate S is 36%, when the core
diameter 2a is in a range of 6.4 um to 7.4 um and the hole
diameter d is in a range of 2.7 um to 3.2 um, a bending loss of
equalto orless than 0.1 dB/turn, a cut-off wavelength of equal
to or less than 1260 nm, an MFD of in a range of 8.6 umto 9.5
um at a wavelength of 1310 nm, and a zero-dispersion wave-
length of in a range of 1300 nm to 1324 nm can be realized.
Furthermore, when the hole diameter d is in a range of 2.7 um
t0 4.0 um, a bending loss of equal to or less than 1 dB/turn and
a cut-off wavelength of equal to or less than 1550 nm can be
realized.

Next, the hole occupancy rate S is fixedly set to 38.0%.
FIGS. 47A and 47B are views each illustrating a relationship
between the core diameter 2a and the optical properties when
the hole occupancy rate S is 38.0% and the hole diameter d is
2.7 um. Here, F1G. 47 A illustrates the cut-off wavelength and
the zero-dispersion wavelength, and FIG. 47B illustrates the
bending loss and the MFD. As illustrated in FIGS. 47A and
478, if the hole diameter d is 2.7 wum, when the core diameter
2aisinarange of 6.2 umto 6.5 um, a bending loss of equal to
or less than 0.1 dB/turn, a cut-off wavelength of equal to or
less than 1260 nm, an MFD of in a range of 8.6 um to 9.5 um
at a wavelength of 1310 nm, and a zero-dispersion wave-
length of in a range of 1300 nm to 1324 nm can be realized.
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FIGS. 48A and 48B are views each illustrating a relation-
ship between the core diameter 2a and the optical properties
when the hole occupancy rate S is 38.0% and the hole diam-
eter d is 2.9 um. Here, FIG. 48A illustrates the cut-off wave-
length and the zero-dispersion wavelength, and FIG. 48B
illustrates the bending loss and the MFD. As illustrated in
FIGS. 48 A and 48B, ifthe hole diameter d is 2.9 um, when the
core diameter 2a is in a range of 6.2 um to 7.1 pm, a bending
loss of equal to or less than 0.1 dB/turn, a cut-off wavelength
of'equal to or less than 1260 nm, an MFD of in a range of 8.6
pum to 9.5 um at a wavelength of 1310 nm, and a zero-
dispersion wavelength of in a range of 1300 nm to 1324 nm
can be realized.

FIGS. 49A and 49B are views each illustrating a relation-
ship between the hole diameter d and the optical properties
when the hole occupancy rate S is 38.0% and the core diam-
eter 2a is 6.6 pm. Here, FIG. 49A illustrates the cut-off
wavelength and the zero-dispersion wavelength, and FIG.
49B illustrates the bending loss and the MFD. As illustrated in
FIGS. 49A and 49B, if the core diameter 24 is 6.6 um, when
the hole diameter d is ina range 0 2.8 umto 3.1 um, a bending
loss of equal to or less than 0.1 dB/turn, a cut-off wavelength
of'equal to or less than 1260 nm, an MFD of in a range of 8.6
pum to 9.5 um at a wavelength of 1310 nm, and a zero-
dispersion wavelength of in a range of 1300 nm to 1324 nm
can be realized. Furthermore, when the hole diameter d is in
arange of 2.4 um to 4.0 um, a bending loss of equal to or less
than 1 dB/turn and a cut-off wavelength of equal to or less
than 1550 nm can be realized.

FIGS. 50A and 50B are views each illustrating a relation-
ship between the hole diameter d and the optical properties
when the hole occupancy rate S is 38.0% and the core diam-
eter 2a is 7.0 pm. Here, FIG. 50A illustrates the cut-off
wavelength and the zero-dispersion wavelength, and FIG.
50B illustrates the bending loss and the MFD. As illustrated in
FIGS. 50A and 50B, if the core diameter 24 is 7.0 um, when
the hole diameter d is in a range 0£2.9 um to 3.0 um, a bending
loss of equal to or less than 0.1 dB/turn, a cut-off wavelength
of'equal to or less than 1260 nm, an MFD of in a range of 8.6
pum to 9.5 um at a wavelength of 1310 nm, and a zero-
dispersion wavelength of in a range of 1300 nm to 1324 nm
can be realized. Furthermore, when the hole diameter d is in
arange of 2.7 um to 4.0 um, a bending loss of equal to or less
than 1 dB/turn and a cut-off wavelength of equal to or less
than 1550 nm can be realized.

As aresult illustrated in FIGS. 47A and 47B to FIGS. S0A
and 50B, if the hole occupancy rate S is 38.0%, when the core
diameter 2aq is in a range of 6.2 um to 7.5 um and the hole
diameter d is in a range of 2.7 um to 3.1 um, a bending loss of
equalto orless than 0.1 dB/turn, a cut-off wavelength of equal
to or less than 1260 nm, an MFD of'in a range of 8.6 umt0 9.5
um at a wavelength of 1310 nm, and a zero-dispersion wave-
length of in a range of 1300 nm to 1324 nm can be realized.
Furthermore, when the hole diameter d is in a range of 2.7 um
t0 4.0 um, a bending loss of equal to or less than 1 dB/turn and
a cut-off wavelength of equal to or less than 1550 nm can be
realized.

Next, the hole occupancy rate S is fixedly set to 42.0%.
FIGS. 51A and 51B are views each illustrating a relationship
between the core diameter 2a and the optical properties when
the hole occupancy rate S is 42.0% and the hole diameter d is
2.9 um. Here, F1G. 51A illustrates the cut-off wavelength and
the zero-dispersion wavelength, and FIG. 51B illustrates the
bending loss and the MFD. As illustrated in FIGS. 51A and
51B, if the hole diameter d is 2.9 um, when the core diameter
2a is 6.0 um, a bending loss of equal to or less than 0.1
dB/turn, a cut-off wavelength of equal to or less than 1260
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nm, an MFD of'in a range of 8.6 pm to 9.5 um at a wavelength
0f' 1310 nm, and a zero-dispersion wavelength of in a range of
1300 nm to 1324 nm can be realized.

FIGS. 52A and 52B are views each illustrating a relation-
ship between the core diameter 2a and the optical properties
when the hole occupancy rate S is 42.0% and the hole diam-
eter d is 3.2 um. Here, FIG. 52A illustrates the cut-off wave-
length and the zero-dispersion wavelength, and FIG. 52B
illustrates the bending loss and the MFD. As illustrated in
FIGS.52A and 52B, when the hole diameter d is 3.2 um, there
exists no range of the core diameter 2a in which a bending loss
of equal to or less than 0.1 dB/turn, a cut-oft wavelength of
equal to or less than 1260 nm, an MFD of in a range of 8.6 um
t0 9.5 um at a wavelength of 1310 nm, and a zero-dispersion
wavelength of in a range of 1300 nm to 1324 nm can be
realized.

FIGS. 53A and 53B are views each illustrating a relation-
ship between the hole diameter d and the optical properties
when the hole occupancy rate S is 42.0% and the core diam-
eter 2a is 6.0 pm. Here, FIG. 53A illustrates the cut-off
wavelength and the zero-dispersion wavelength, and FIG.
53B illustrates the bending loss and the MFD. As illustrated in
FIGS. 53 A and 53B, if the core diameter 24 is 6.0 um, when
the hole diameter d is 2.9 pum, a bending loss of equal to or less
than 0.1 dB/turn, a cut-off wavelength of equal to or less than
1260 nm, an MFD of in a range of 8.6 um to 9.5 um at a
wavelength of 1310 nm, and a zero-dispersion wavelength of
in a range of 1300 nm to 1324 nm can be realized.

FIGS. 54A and 54B are views each illustrating a relation-
ship between the hole diameter d and the optical properties
when the hole occupancy rate S is 42.0% and the core diam-
eter 2a is 7.0 pm. Here, FIG. 54A illustrates the cut-off
wavelength and the zero-dispersion wavelength, and FIG.
54B illustrates the bending loss and the MFD. As illustrated in
FIGS. 54 A and 54B, when the core diameter 2a is 7.0 um, a
bending loss of equal to or less than 0.1 dB/turn, a cut-off
wavelength of equal to or less than 1260 nm, an MFD of'in a
range of 8.6 um to 9.5 um at a wavelength of 1310 nm, and a
zero-dispersion wavelength of in a range of 1300 nm to 1324
nm can be realized. Furthermore, when the hole diameter d is
inarange of 2.7 umto 4.0 um, there exists no range ofthe hole
diameter d in which a bending loss of equal to or less than 1
dB/turn and a cut-off wavelength of equal to or less than 1550
nm can be realized.

As aresult illustrated in FIGS. 51A and 51B to FIGS. 54A
and 54B, if the hole occupancy rate S is 42.0%, when the core
diameter 2a is 6.0 um and the hole diameter d is 2.9 ym, a
bending loss of equal to or less than 0.1 dB/turn, a cut-off
wavelength of equal to or less than 1260 nm, an MFD of'in a
range of 8.6 um to 9.5 um at a wavelength of 1310 nm, and a
zero-dispersion wavelength of in a range of 1300 nm to 1324
nm can be realized.

FIGS. 55A and 55B are views each illustrating a relation-
ship between the combination of the structural parameters
and the optical properties when the hole occupancy rate S is
30.1%, the structural parameters being illustrated in FIGS.
37A and 37B to 40A and 40B. FIGS. 55C and 55D are views
each illustrating a relationship between the combination of
the structural parameters and the optical properties when the
hole occupancy rate S is 35.7%, the structural parameters
being illustrated in FIGS. 41A and 41B to FIGS. 46A and
46B. FIGS. 55E and 55F are views each illustrating a rela-
tionship between the combination of the structural param-
eters and the optical properties when the hole occupancy rate
S is 38.0%, the structural parameters being illustrated in
FIGS. 47A and 47B to FIGS. 50A and 50B. FIGS. 55G and
55H are views each illustrating a relationship between the
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combination of the structural parameters and the optical prop-
erties when the hole occupancy rate S is 42.0%, the structural
parameters being illustrated in FIGS. 51A and 51B to FIGS.
54A and 54B.

In the structural parameters illustrated in FIGS. 55A to
55H, the core diameter 2a is in a range of 6.0 um to 8.4 um, the
relative refractive index difference Al is in a range of 0.23%
to 0.32%, the inner cladding layer outside diameter 25 is
equal to or less than 50 pm, the relative refractive index
difference A2 is equal to or more than -0.15%, the hole
diameter d is in a range of 2.7 um to 3.4 um, and the hole
occupancy rate S is equal to or less than 42%. The hole-
assisted optical fiber having the above-mentioned structural
parameters realizes a bending loss of equal to or less than 0.1
dB/turn, a cut-off wavelength of equal to or less than 1260
nm, an MFD ofin a range of 8.6 um to 9.5 pm at a wavelength
0f' 1310 nm, and a zero-dispersion wavelength of in a range of
1300 nm to 1324 nm.

Furthermore, FIG. 56 is a view illustrating a relationship
between the combination of the hole occupancy rate and the
other structural parameters, and the optical properties of the
hole-assisted optical fiber according to the first embodiment.
In the structural parameters illustrated in FIG. 56, the core
diameter 2a is in a range of 3 um to 9.8 pm, the relative
refractive index difference Al is in a range 0f0.11%t0 0.45%,
the inner cladding layer outside diameter 25 has a value larger
than a core diameter and equal to or less than 53 um, the
relative refractive index difference A2 has a negative value
more than —-0.30%, the hole diameter d is in a range of 2.4 pm
to 4.0 um, and the hole occupancy rate S is in a range of 17%
to 48%. The hole-assisted optical fiber having the above-
mentioned structural parameters realizes such a bending loss
of'equal to or less than 1 dB/turn and a cut-off wavelength of
equal to or less than 1550 nm as illustrated in FIG. 56.

Next, FIG. 57 is a view illustrating a relationship between
another combination of the hole occupancy rate and the other
structural parameters, and the optical properties of the hole-
assisted optical fiber according to the first embodiment. In the
structural parameters illustrated in FIG. 57, the core diameter
2q is in a range of 6.0 um to 8.4 um, the relative refractive
index difference Al is in a range 0 0.23% to 0.32%, the inner
cladding layer outside diameter 25 has a value larger than a
core diameter 2a and equal to or less than 36 um, the relative
refractive index difference A2 has a negative value more than
-0.15%, the hole diameter d is in a range of 2.5 pm to 3.4 um,
and the hole occupancy rate S is in arange of 17%1042%. The
hole-assisted optical fiber having the above-mentioned struc-
tural parameters realizes such a bending loss of equal to or
less than 1 dB/turn, a cut-off wavelength of equal to or less
than 1260 nm, an MFD of in a range of 8.6 um to 9.5 um at a
wavelength of 1310 nm, and a zero-dispersion wavelength of
in a range of 1300 nm to 1324 nm as illustrated in FIG. 57.
Furthermore, the hole-assisted optical fiber also realizes a
zero-dispersion slope of equal to or less than 0.092 ps/nm?®/
km thus realizing an optical fiber compliant with the ITU-T
G.652.

Here, in the above-mentioned first embodiment, the num-
ber ofholes is 10. However, the number of holes may be set to
any value equal to or more than 4, and it is particularly
preferable that the number of holes be set to an even value
since the arrangement ofthe holes is high in symmetry. In this
case, even when the number of holes is set to a value other
than 10, a hole-assisted optical fiber having a hole occupancy
rate S of a value same as that of the hole-assisted optical fiber
according to the first embodiment has properties same as the
case of the hole-assisted optical fiber according to the first
embodiment.
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In some embodiments, the hole-assisted optical fiber
includes the inner cladding layer, thus achieving the hole-
assisted optical fiber which is excellent in bending loss char-
acteristics, suitable for use as an optical communication-use
optical fiber, and high in productivity.

Although the invention has been described with respect to
specific embodiments for a complete and clear disclosure, the
appended claims are not to be thus limited but are to be
construed as embodying all modifications and alternative
constructions that may occur to one skilled in the art that
fairly fall within the basic teaching herein set forth.

What is claimed is:

1. A hole-assisted optical fiber comprising:

a core portion; and

a cladding portion that includes an inner cladding layer

formed around an outer periphery of the core portion and
having a refractive index lower than that of the core
portion, an outer cladding layer formed around an outer
periphery ofthe inner cladding layer and having a refrac-
tive index higher than that of the inner cladding layer and
lower than that of the core portion, and a plurality of
holes formed around the core portion, wherein

a diameter of the core portion is in a range of 3 um to 9.8

um, a relative refractive index difference of the core
portion relative to the outer cladding layer is in a range of
0.11% to 0.45%, an outside diameter of the inner clad-
ding layer is equal to or less than 53 pum, a relative
refractive index difference of the inner cladding layer
relative to the outer cladding layer is a negative value
equal to or more than —0.30%, a diameter of each of the
plurality ofholes is in a range of 2.4 um to 4.0 pm, a hole
occupancy rate is in a range of 17% to 48%, a bending
loss at a wavelength of 1625 nm when bent at a radius of
5 mm is equal to or less than 1 dB/turn, and a cut-off
wavelength is equal to or less than 1550 nm, and

the hole occupancy rate S (%) is defined by the following

expression (1):

S=Nn(d/2)?/[n(R+d)*-nR?] 1)

where N is the number of the plurality of holes, d (um) is
the diameter of each of the plurality of holes, and R (um)
is a radius of an inscribed circle which is brought into
internal contact with each of the plurality of holes.

2. The hole-assisted optical fiber according to claim 1,
wherein the diameter of the core portion is in a range of 6.0
um to 8.4 pum, the relative refractive index difference of the
core portion relative to the outer cladding layer is in a range of
0.23% to 0.32%, the outside diameter of the inner cladding
layer is equal to or less than 50 um, the relative refractive
index difference of the inner cladding layer relative to the
outer cladding layer is equal to or more than -0.15%, the
diameter of each of the plurality of holes is in a range of 2.5
um to 3.4 pm, the hole occupancy rate is equal to or less than
42%, the cut-off wavelength is equal to or less than 1260 nm,
amode field diameter at a wavelength of 1310 nm is ina range
of 8.6 um to 9.5 um, and a zero-dispersion wavelength is in a
range of 1300 nm to 1324 nm.

3. The hole-assisted optical fiber according to claim 2,
wherein the diameter of the core portion is in a range of 6.0
um to 8.4 pum, the relative refractive index difference of the
core portion relative to the outer cladding layer is in a range of
0.23% to 0.32%, the outside diameter of the inner cladding
layer is equal to or less than 50 um, the relative refractive
index difference of the inner cladding layer relative to the
outer cladding layer is equal to or more than -0.15%, the
diameter of each of the plurality of holes is in a range of 2.7
um to 3.4 pm, the hole occupancy rate is equal to or less than



US 9,075,185 B2
23 24

42%, the cut-off wavelength is equal to or less than 1260 nm,
the mode field diameter at a wavelength of 1310 nm is in a
range of 8.6 um to 9.5 um, the zero-dispersion wavelength is

in a range of 1300 nm to 1324 nm, and the bending loss at a
wavelength of 1625 nm when bent at aradius of Smmisequal 5
to or less than 0.1 dB/turn.
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